INTRODUCTION
Clements defined competition in the following terms: 'When the immediate supply of a single factor necessary (for growth) falls below the combined demands of the individual plants competition begins' (Donald 1963) . It is a difficult process to study directly and proof of the causal link between the growth of some individuals, environmental depletion and the reduction in relative growth rate of others has not been obtained. Work on competition in monocultures has concentrated on studies of population structures or on changes in individual plant characteristics observed under conditions where competition is thought to take place; it is the assumed outcome of competition which is studied. The technique most frequently used is to establish a series of communities with different planting densities and to observe them over a time interval and from such studies three symptoms have been described which Harper (1967) considered as indicative of a community under 'density stress'.
Firstly, from a frequency distribution of seed or seedling weight which is normal a skewed distribution of individual plant weights develops, there being a large number of plants slightly smaller than the mean and a small number of plants much greater than the mean, referred to as a 'hierarchy of exploitation' by Harper (1967) . This type of distribution has a positive value of the third moment, g1 (Sokal & Rohlf 1969) , and is commonly referred to in the plant competition literature as 'log normal', an expression used by Koyama & Kira (1956) although they did not attempt to fit this particular distribution to their skewed frequency distributions. The closer the initial spacing of plants the sooner skewness appeared from which Koyama & Kira inferred that the competitive effect developed sooner. Skewness is commonly found in stem size distributions of even-aged forest monocultures, e.g. Bliss & Reinker (1964) , Jack (1971) , Ford & Newbould (1970) .
A second phenomenon taken as indicative of density stress is density dependent mortality. The proportion of plants which die in a set interval of community development increases the closer that initial plantings are made above a threshold value, e.g. Davidson & Donald (1958) , Yoda et al. (1963) .
Thirdly, under closer spacings there are alterations in the morphology of the 'mean' plant, a phenomenon referred to as a 'plastic response' by Harper (1967) . The proportions of the plants change; mean height increases, there is an alteration in mean leaf weight/area and a reduction in weight of seed produced by each unit of weight of vegetative tissue, e.g. Donald (1963) , Hiroi & Monsi (1966) .
The phrase 'hierarchy of exploitation' suggests that when competition is taking place small plants will experience a less favourable environment for growth than large plants and it can be expected as a consequence of this that they will have smaller relative growth rates (RGR). Koyama & Kira (1956) presented data which illustrated that RGR was positively correlated with estimated plant weight in 20-mm spaced Hibiscus moschautos L. The coefficient of correlation increased from 0 46 to 0 87 during the development of the community. Koyama & Kira attempted a theoretical analysis to investigate the relationships between plant size frequency distribution and the distribution of RGR. They assumed that the growth of an individual plant could be expressed by the formula w=woert, where w is weight at time t, wo is initial plant weight and r is relative growth rate. Calculations showed that when both wo and r had a normal distribution, positively skewed distributions of plant weight were obtained. However, they found that this was so whether or not the relative growth rates were ranked in size to correspond with plant weight. Koch (1966 Koch ( , 1969 has presented formal proof that the products of both uncorrelated (Koch 1966) and correlated (Koch 1969 ) normally distributed factors tend towards log normality. He has also shown that there are many ways in which an exact or approximate log-normal distribution may be generated and dealing in particular with the weight of objects (Koch 1969) ' [this] depends on the product of its three linear dimensions with its density. Necessarily, if the linear dimension is precisely normally distributed the triple product cannot be normally distributed and in fact the resultant distribution approaches log normality.' A log-normal frequency distribution of plant weight, either approximate or exact, is no proof in itself that there is competition between individuals and may simply reflect a normal distribution of plant height.
Following an investigation of shoot population dynamics through the sweet chestnut (Castanea sativa Mill.) coppice cycle, Ford & Newbould (1970) suggested a modification to the description of monoculture development. Frequency distributions of (diameter)2, which is linearly related to plant weight, had a secondary maximum in the middle size classes in addition to the usual strong positive skewness. This maximum became apparent when large populations were investigated and size frequency distributions were represented in histograms of more than 10 classes. Ford & Newbould suggested that these bimodal distributions were the result of a disjunct distribution of relative growth rates through the population. Large plants have large relative growth rates, small plants small relative growth rates, but there is not a smooth transition between the two conditions and they suggested that this is due to the process by which competition takes place. There is competition between large shoots in the upper regions of the canopy where leaves receive direct radiation, but once a shoot is overtopped it exists in the markedly less favourable but not greatly changing diffuse radiation environment. The particular pattern of branch and leaf distribution in the coppice ensures this distinct contrast in radiation environments.
In his discussion of the occurrence of pattern in plant communities Greig-Smith (1964) suggested that a regular rather than a random or contagious distribution of individuals would be the expected result of competition between plants since the resources necessary for plant growth always have a finite concentration at one point. Investigation of pattern in even-aged plant monocultures has largely been confined to tree species. Laessle (1965) and Cooper (1961) have investigated the pattern of distribution of individuals in stands of pine which had naturally regenerated from seed following fire. Both used the technique of measuring nearest neighbour distances-see Pielou (1969) for a review. Laessle found that the individuals in young stands were aggregated or randomly distributed, but as growth took place mortality occurred and in older stands there was a strong tendency for individuals to be regularly spaced. Cooper reported a similar, though not so marked, trend towards 'over-dispersion' with increasing age of stand.
In this study monoculture populations were sought which could provide information on the factors which control: (1) the frequency distribution of plant size; (2) the distribution of relative growth rates between individual plants in the population; (3) the dispersion with which growth and mortality occurred as the community developed. Large populations, i.e. some 100 individuals or more, were considered necessary for the analysis of plant size frequency distributions by histogram representation. Where mortality is expected during community development the initial size of the population must be large enough to ensure final populations of this size. Detailed study of the development of dispersion requires that plants and 'spaces' caused by death can be accurately located; this can be more easily achieved if plants are grown in regular lattices rather than if randomly sown.
Two approaches were taken to obtain large populations planted in a regular lattice arrangement: a study of forest monocultures and experimentation with annual plants sown in the glasshouse. Forests present a situation where repeated and reliable estimates of plant size can be made and consequently direct estimates of growth rate of individual plants can be obtained. However, to study populations of any size involves large areas and this increases the possibility of encountering the effects of environmental heterogeneity within the population. Further, in temperate forests investigations restricted to a few years can study only a limited section of the complete cycle of the forest crop. Glasshouse experimentation with annual plants presents a contrast; comparative homogeneity of the environment can be attained and communities can be investigated over a wide range of their development. However it is frequently difficult to study the growth rates of individuals whilst the community develops without seriously disrupting the structure of the community itself with repeated measurements and so upsetting the mechanism by which competition takes place.
METHODS

Cultivation
Forest crops
In 1935 the Forestry Commission established spacing experiments with Picea sitchensis (Bong.) Carr. at Gwydyr Forest (Nat. Grid Ref. SH 738485), Caernarvonshire, and Clocaenog Forest (SJ 008516), Denbighshire. Each consists of a series of unreplicated plots with planting distances ranging from 3 ft (0 91 m) to 8 ft (2-44 m); a square planting pattern was used throughout (Table 1) . No thinnings were removed from these plots. In 1964 a sample area, surrounded by at least two guard rows, was delineated within each plot and each live tree numbered and its girth at breast height measured (1 30 m above ground level). Girths were remeasured in 1969 (February, Gwydyr; November, Clocaenog) and in November 1970 when positions of marked trees were accurately mapped. Trees which died between 1964 and 1970 were left standing. Further details concerning the experimental plots and their management are given by Hamilton & Christie (1974) .
Annual plants
Seeds were treated with a proprietary fungicide (Captan) and sown in wooden boxes (620 x 620 x 150 mm deep) filled with U.C. soil mix C with fertilizer II (Baker 1957) . This is a 5000 mixture of fine sand and shredded peat with a balanced fertilizer containing an organic nitrogen supply of hoof and horn; the whole was well mixed to achieve a uniform distribution of fertilizer. Planting was through a perspex template drilled with holes at the required distance in a hexagonal pattern. The template fitted over the surface of the box and seeds were pressed through the holes to a constant depth in the compost. The boxes were sub-irrigated with a solution containing the proprietary fertilizer 'Solufeed'. Boxes were placed on a central table in the glasshouse in an ordered series of 2 x 2 or 3 x 2, and to minimize possible effects due to position the whole series was rotated clockwise one position every second day though the orientation of each box remained constant. Edge effects within a box were minimized by fixing sides when the plants reached a height of 150 mm; these sides were progressively heightened to keep pace with plant growth. Marked plants in the central area of each box, at least 100 mm from the edge, were analysed. Seedling heights were measured when each of the first pair of true leaves was 15 mm long on the majority of plants. Gaps left by ungerminated seeds were filled with comparable seedlings though experiments were discontinued if germination fell below 9500. At harvest each plant was cut at compost level when its height to the developing apex and dry weight (1050 C) were measured.
Experiments were made with four species: Lycopersicon esculentum var. Potentate, an homogenous F1 hybrid, Tagetes patula, T. erecta and Sinapis alba ( Table 2) .
Techniques of analysis
Population structures
Two related questions were asked about each population: (i) are there more small than large individuals, and (ii) does the population have two distinct groupings? Towards answering these questions two methods of analysis were applied to examine the type of the actual and transformed distributions: firstly, the construction of frequency distribution histograms of plant size and secondly, statistical analysis.
The frequency distribution histograms of plant size were made with the abscissa as the range of plant weight or plant height or tree girth. This was divided into n equal interval classes; n is usually 12. Frequency distribution histograms allow a visual estimate of the shape of a distribution to be made. Further analysis was made through calculating (i) the third, (ii) the fourth moments about the mean, and (iii) the Kolmogorov-Smirnov statistic, k for a normal distribution (Sokal & Rohlf 1969) .
(i) g1, the third moment is a measure of skewness; positive values indicate skewness to the right, i.e. more individuals of small size, negative to the left. (ii) g2, the fourth moment is a measure of kurtosis; positive values indicate peakedness, negative values flattened distributions. (iii) the Kolmogorov-Smirnov test is based on absolute differences between the observed distribution and, in this instance, a normal distribution calculated with mean and standard deviation estimated from the observed data.
Pattern analysis
The forest trees were planted in square lattices so that each tree can be considered to have had either four or eight neighbours. The annuals were planted in hexagonal lattices; each plant had six neighbours. In both situations some individuals died. To establish if the survivors were aggregated, randomly or regularly dispersed, analyses were made of (i) the number of groups of plants completely surrounded by vacant lattice points-these groups are referred to as clumps, and (ii) the number of junctions on the lattice between points occupied by living plants and dead-these are referred to as plant-space joins.
(i) Clumping of survivors. Roach (1968) has discussed the derivation of formulae to predict the number of isolated clumps on a partially filled square lattice. To produce an exact formula the probability of occurrence of clumps of all possible structures must be considered. This has not been achieved and in this work a simulation technique was used to calculate expected values of the number of clumps and the related statistic, mean clump size. Each experimental lattice was simulated by 100 lattices of the same size and percentage mortality. On these, the positions of dead plants were selected by random numbers. In this way distributions of expected values for the number of clumps and the mean clump size were obtained. The observed values were tested against these distributions and departure from randomness judged by the number of calculated values which were larger or smaller.
(ii) Plant-space joins. The dispersion of two categories on the points of a lattice can be studied through counting the number of joins which can be made between neighbouring points of different categories. Thus, for a specific plant mortality a larger number of plant-space joins would be expected if mortality was evenly spaced than if random, a smaller number if it were in a few large clumps. Krishna-Iyer (1949 , 1950 gave formulae for calculating the mean and variance of expected numbers of joins between similar and dissimilar points on a square lattice where each point has four (Krishna-Iyer 1950) or eight neighbours (Krishna-Iyer 1949) .
For a lattice of m x n points, a = m + n, b = m x n, p and q are the probabilities attached to individuals and spaces and n1 and n2 are respectively their actual numbers on a finite lattice. The rth factorial moment is r! times the sum of the expectations of the different ways of obtaining r plant-space joins in the lattice. If the total number of joins between the points on the lattice is A' then the expected number, u', of plant-space joins is 2A pq.
The moments about the origin for non-free sampling, i.e. where the size of the lattice is finite, can be obtained by substituting n(r)Ib(r) for pr where n(r) represents n.(n -1).
(N-r+ 1) so that u1(nn2) = 2A'n1n2/b(2) (Equation 2.2.5, Krishna-Iyer 1949). The second factorial moment is obtained by counting the number of ways of obtaining two plant-space joins from (1) three adjacent points, two of one type and one of another, (2) from two pairs of points, one of each type in each pair. The expectations for each are
B' is the number of ways in which two joins can be formed in the lattice.
Then for non-free sampling
Equations 2.2.5 and 2.2.6 of Krishna-Iyer (1949) were used to calculate the mean and variance for the eight-neighbour square lattice situation, where
The same formulae are applicable for the four-neighbour square and the six-neighbour hexagon lattice used in the present study, though with different values for A' and B?. For the four-neighbour square lattice case (Krishna-Iyer 1950), A = 2b-a Bi = 2(2-3a+3b).
For the hexagon lattice with n straight and parallel columns and m points on each column offset from column to column, AI = 3b-2a+1 Bi = 8+12(m-2)+13(n-2)+162(b-2a+4).
RESULTS
The uniformity of plots
The overall uniformity of the forest plots and seedling boxes used in the glasshouse experiments were tested by analysis of variance techniques. In both cases the accurate position of all individuals was known and plots were split into square or rectangular sub-plots in a variety of arrangements, 10 x 1, 1 x 10, 4 x 4 and a one-way or two-way analysis of variance computed as appropriate. These analyses were designed to explore the possible occurrence of heterogeneities in the order of 1/Oth to 1/16th of the full plot size. No variation of this type was found in any of the plots. Forest plots were analysed with values of tree girth, glasshouse experiments at the seedling stage using plant height and at final harvest using weight and height.
Forest crops Population structure
The forests aged from 29 to 36 years during the period of observation and over this period there was mortality at all spacings; at Gwydyr: 3 ft, 32%; 4.5 ft, 18%; 6 ft, IlI%; at Clocaenog: 3 ft, 18%; 6 ft, 15%; 8 ft, 4%0. In both experiments mortality was greater with closer initial spacing. For each plot correlation coefficients were calculated between measurements made on individual trees at successive intervals, i.e. , and also for the period 1964-70 (Table 3) . In general the correlation coefficients are higher for the closer spacings and when the measurement interval is shorter, though there is no significant difference between any of the coefficients at the 0 05 level. These coefficients are calculated for a short period of the total competition process and illustrate a general tendency for the relative hierarchy of individuals in the population to remain stable, being more stable at closer spacings.
Figs 1 and 2 show tree girth frequency distribution histograms for the two experiment series over the measurement period. The 3-ft and 4-5-ft Gwydyr and 3-ft Clocaenog plots were significantly positively skewed throughout. There are indications of skewness on some of the plots at wider spacings. Bimodality can be seen in all of the populations.
Relative growth rates and plant mortality
The relationships between tree girth in 1964 and both relative growth rates (RGR) and mortality rates during the period 1964-9 are shown for each forest plot in Fig. 3 . There is a consistent trend in the distribution of RGR throughout the experimental treatments; it changes little with increase in girth until, about the median, there is a sharp and increasing rise. Mortality is confined to the smaller trees.
Although there were strong positive correlations between successive measurements of tree size (Table 3) , these were not absolute and some variation in RGR among individuals (Fig. 4) . Since large plants have the highest growth rates, and some but not all of the small plants die, there is an extension of the range of girths and consequently an overall downward movement of individuals when membership of equal interval size classes is compared at successive times. Recruitmnent into the 1969 class IV is from classes 4, 5, 6 of 1964. However, although recruitment into the large tree size classes is predominantly from higher or the same class there is some upward movement; class X of 1969 recruits from classes 9, 10, 11 of 1964; there is greater variability in RGR between large plants than between small ones. Similar patterns of movement between classes were found on the other plots and for other time intervals; however, at wider spacings there was less restriction of upward movement to the large plant size classes.
Pattern analysis Pattern analysis techniques were applied both to the distribution of all plants through the lattice and to large plants (Table 4 ). In the latter case division into large and small plants was made from the histogram representation of size frequency distribution ( Figs  1 and 2) ; plants in and to the right of the second peak were considered large and every other point on the lattice was regarded as a space.
The size of clumps of total survivors on plots of 3 ft initial spacing at Gwydyr and Clocaenog are consistently and significantly smaller than expected (Table 4 ). In these two plots there were also more plant-space joins than would be expected from a random distribution of mortality through the lattice, and for this parameter the significance of the departure from random increased with increasing mortality percentage, i.e. the distribution of survivors is increasingly overdispersed.
Large plants, when considered by themselves, were overdispersed at all spacings and on each occasion with the exception of the 8-ft plot at Clocaenog where overdispersion did not occur until 35 years.
Annual plants Population structures
The 6-week-old populations of Tagetes patula, T. erecta, Sinapis alba and Lycopersicon esculentum had strongly skewed frequency distributions of plant weight (Fig. 5) . Bimodality, which is evident in these distributions, is reflected strongly in their log transform distributions which in three instances have significant values of g2; the distributions are platykurtic. Only the distribution of Tagetes patula can be considered as 'log-normal' when judged by both the Kolmogorov-Smirnov test and a non-significant fourth moment applied to the transformed distribution. The frequency distributions of plant height of all four annuals are bimodal.
In experiment A2 T. patula was harvested at 2, 4, 6 and 8 weeks after planting (Fig. 6 ). Within 4 weeks both plant height and the logarithm of plant weight show strong bimodality with values of g2 indicating that the distributions are platykurtic.
In experiment A3, with T. patula, the distance between points of the hexagonal lattice was varied at 20, 30 and 40 mm (Fig. 7) . The frequency distribution of plant weight was less skewed as spacing widened though evidence of bimodality persisted across the range. More plants died at close than at wide spacings, 77, 59 and 500 at 20, 30 and 40 mm respectively.
The coefficients of correlation (Table 5 ) between plant height measured 2 weeks after sowing and plant height and weight at harvest decrease as the length of growing time increases (experiment A2). The same correlation coefficients measured for a uniform period of growth but with different initial spacing distances increase as the spacing distance increases (experiment A3). Final plant size is less predictable from seedling size as the intensity and duration of competition increase. plants were not measured repeatedly in any of the experiments. In experiment A2 repeated destructive samples were taken at 14-day intervals and the relationship between RGR and initial plant weight has been calculated from these. Individual plant weights from the duplicate boxes of each sample were pooled, ranked in order of size and divided into sequential groups of 10 for which mean weights W1__, w1 1-20 were calculated. To estimate values of RGR, W10lo at t1 was used with W1lo at t2, W1l-20 at t1 with W11-20 at t2 and so on. In this method of calculation it was assumed that plants did not change their relative positions in the hierarchy and that deaths between harvests were confined to the smallest plants. Where mortality had taken place between harvests it was not possible to calculate an RGR for the smallest plants.
In the early stages of community development, weeks 2-4, RGR was linearly related to initial plant weight (Fig. 8) . Subsequently large plants come to have the same RGRs whilst the linear relationship between RGR and weight for small plants persisted though with a decreasing slope. Pattern analysis Experiment A2 illustrates the results of pattern analyses (Fig. 9 , Table 6 ). The lines in Fig. 9 describe the relationships between plant density and the number of clumps which occur when the distribution of individuals is random across the lattice. The actual number of clumps found in each experiment can be compared with this curve. As with the forest investigations pattern analysis has been applied to the distribution of all plants through the lattice and to the distribution of large plants alone. Plants in and to the right of the second peak of the frequency distributions (Fig. 6) was made using plant weight and again using plant height. A visible bimodality in the frequency distribution is necessary before this division can be made. There was no mortality prior to 6 weeks; at 6 weeks the small amount of mortality was randomly distributed but after 8 weeks further mortality resulted in significant 'overdispersion' of the surviving plants judged by all of the statistics which were calculated. When large plants are considered, whether categorized by weight or height, even distribution is apparent after 4 weeks and persists to the end of the experiment.
General
The information derived from histogram representation of a frequency distribution depends on the number of group intervals used in constructing it (Fig. 10) . As the number is increased from 8 to 12 bimodality appears and then remains with further increase until the form of the histogram loses continuity owing to zero values in some of the intervals. In most instances 12 groups were used in the present work, but for some populations with a single very large individual, more divisions were necessary to show the overall form of the distribution.
A principal conclusion of this work is that the frequency distributions of plant girth, weight and height become bimodal as the population develops. This bimodality is not of constant proportions but develops in time as the population grows; its course and extent are influenced by the conditions of initial spacing. The occurrence of bimodality is asserted. There is statistical indication of it in the platykurtic distributions which are obtained in the log transforms of some of the plant weight distributions. But the main basis of the assertion is the consistency of occurrence in replicated plots of 6 species including Castanea sativa (Ford & Newbould 1970) . Further analytical techniques have not been applied. One possible course would be to consider these distributions as mixtures, e.g. of two normals or log-normals but to date there is insufficient evidence to suggest which if either of these two would provide a reasonable hypothesis at any stage of community development. I Mean clump sizes are all smaller than the value expected for a random distribution. Significant departure from the value expected when dispersion is random: * 5%, ** 1%. 
THE PROCESS OF COMPETITION IN PLANT MONOCULTURES
In closely spaced plant monocultures there is constant change in population structure as plants grow. The experiments with Picea sitchensis and Tagetes patula illustrate that some individuals die whilst some survive and so can be considered successful in the competition process. Three phases are recognizable in the development of T. patula.
(1) The period from emergence to the production of the first pair of true leaves, equivalent to the first 2 weeks in experiment A2. During this phase small local hierarchies are established; the weight frequency distributions, although strictly normal, can be divided into successful and less successful individuals in the ratio of 1: 2. The large plants are distributed at random and it is suggested that during this phase competitive encounters are confined to near neighbours with success determined by small differences in rates of emergence, or in the size (Black 1958) or orientation of the cotyledons.
(2) The establishment of the upper canopy, weeks 2-4 of experiment A2. During this phase the ratio of large to small plants changes from 1:2 to 1:4 and at the end of it the large plants are evenly distributed across the lattice. There is a high correlation between plant height and weight; large plants form a distinct upper canopy (Fig. 6) . The progress from a random distribution of large plants after week 2 to a regular one at week 4 is thought to indicate intense competition during a phase of active leaf growth and lateral crown development.
(3) The self-thinning phase, weeks 4-8 of experiment A2. At first deaths occurred at random (weeks 4-6), but subsequently they were distributed such that the survivors were evenly distributed. This development of pattern is similar to that which occurs during the development of the upper canopy and may indicate that mortality is a time-delayed response to overtopping at the earlier stage. The number of individuals in the upper canopy decreased only slightly during this phase which indicates a reduction in the intensity of the competition process and perhaps reflects that plants had reached their maximum lateral spread.
Although measurement was over only a limited period of their total growth span the Picea communities show a similar development in the spatial distribution of large plants and of total surviving plants to that of Tagetes. A major difference between the two plant communities lies in the relationships between RGR and plant size which they exhibit (Figs 3 and 8) , and it is suggested that this reflects a difference between them in the details of the mechanism of competition which in turn is related to a difference in the crown morphologies of the two species. Leaf production in Tagetes produces an 'umbrella' shape; new leaves extend above and usually beyond the previous ones. However, until overtopping takes place in Tagetes there is likely to be a continuous gradient in the mean intensity with which radiation is intercepted, and hence a continuous gradient in RGR (Fig. 8) ; shading from the side owing to differences in height will be important. Once overtopping has taken place and the 'umbrella' develops then all plants in the upper canopy will have their latest leaves in a similar horizontal manner at the top of the canopy and receiving radiation at the same high intensities. The intensity of radiation received by small plants will depend upon the depth of the canopy above them. In contrast, the conical shape of the upper part of each crown of Picea ensures the continued variability between large individuals in the mean intensity with which radiation is intercepted, at least to the depth in the canopy at which the cones meet. In a tree canopy there is death as well as production of photosynthetic material so that small individuals come to exist in a 'reduced but not greatly changing environment' (Ford & Newbould 1971) and their RGRs are uniform and low.
DISCUSSION
In closely spaced communities of both Picea sitchensis and Tagetes patula the population becomes arranged in a 'hierarchy of exploitation'. Small plants have smaller relative growth rates than larger plants, but for both species this hierarchy is considered to have a distinct break point; the increase in RGR from small plants to large is not uniform throughout the range of plant size. This type of distribution of RGR has been described above as the outcome of competition and the bimodal distribution of plant size which results from it is a more reliable indication that competition has taken place than the 'log-normal' distribution.
The identification of bimodality depends upon the number of equal interval classes which can be used in the size frequency histogram. Thus for a frequency distribution of plant weight 12 classes are required in Fig. 10 ; 9 are needed in Fig. 11 of Ford & Newbould (1970) and division into this number of classes will usually require populations of 100 if all classes are to contain at least one member. Most work by previous authors has been with considerably smaller populations, usually represented in less than 8 classes. However, Hozumi, Shinozaki & Tadaki (1968) have presented data in table form for 95 individuals of an even-aged population of Cryptomeriajaponica (L.f.) Don (their Table 3 ). This information is presented in histogram form in Fig. 11 and clearly illustrates a bimodal population. It is improbable that the appearance of a bimodal distribution reflects the operation of a simple genetic segregation mechanism since: (i) size is a metric character, is likely to vary continuously and frequently to be under the control of polygenic inheritance (Falconer 1960) ; (ii) it is unlikely that a 'large plant' genotype would have been distributed so uniformly through the communities as found in this work; (iii) the development of homogenous F1 tomato hybrids was similar to that of heterogygous Sitka spruce.
The regular distribution of firstly large plants and subsequently of all plants is a strong indication that competition has taken place. It is in accord with the findings of Cooper (1961) and Laessle (1965) where stand establishment was either regular or clumped. A regular distribution is the expected outcome of competition for resources which have a finite and uniform concentration or supply (Greig-Smith 1964) . This finding is of consequence in understanding the genetics of closely grown plant monocultures. Stern (1969) observed that populations of higher plants, 'grown in pure cultures and under the conditions of the most severe competition always exhibit a high degree of genetic variation'. This phenomenon of stable polymorphism has been attributed to the occurrence of frequency dependent fitness: that variety confers a selective advantage. Haldane & Jayakor (1963) showed that the theory of frequency dependent fitness was applicable only if the selective advantage of variation was not too great. The process of monoculture development is one in which there is an environmental restriction on the extent of genotypic selection between individuals. Spatial constraints will ensure that the intensity of selection will be kept low so that Haldane & Jayakor's criteria would be met.
A mechanism which might be proposed to account for the observed frequency and spatial distribution of plant sizes is the spread of a pathogen from a series of evenly distributed centres. This is thought an unlikely occurrence to be repeated in the range of communities which were examined. Pathogenic fungi were not observed in either the forest plots or the glasshouse experiments. Yoda et al. (1963) suggested that in communities where self-thinning occurs there is a relationship, the '3/2 power law', between the density of surviving plants, p, and their mean weight, w,
where C is a constant which varies with plant species. According to this law, a plot of the logarithm of w against the logarithm of p for a developing series of a plant community should have a gradient of -1 5. To explain their observed -3/2 relationship Yoda et al. suggested .a simple geometrical model in which the mean area occupied by a plant, s, varies as the square of some undefined linear dimension of the plant, L, whilst the weight varies as the cube. Thus socL2 and wocL3. Because mean area is proportional to I/p then w oc p -3/2. If a -3/2 gradient is not found then with this line of reasoning either w ocL3, or the mean area occupied is not a function of L2. White & Harper (1970) calculated regression equations of the form log w = a+b logp for a series of already published experiments and obtained values of b from -2 18 to -1 08. They suggested that these gradients supported the -3/2 power law. However, in two instances a change in gradient followed variations in experimental conditions in a regular manner. White & Harper calculated the regression equations of mean tree volume, i.e. timber volume, on mean tree density for three thinning treatments applied continuously over 30 years to a series of Picea abies (L.) Karst. plantations (MacKenzie 1962) . The treatments (Hummel et al. 1959) were: Grade B thinning where only small trees are removed and the canopy remains unbroken, Grade D where space is made for the canopies of the largest trees to develop fully and Grade C which is intermediate between B and D. For these treatments B had considerably higher values (Table 7) than the -1.5 found with annual plants. Curtis (1971) has presented data on mean tree area for a large number of stands of Douglas fir (Pseudotsuga menziesii (Mirb.) Franco). The stands were well stocked, unthinned and of natural origin and showed a relationship between the logarithms of mean tree area and tree diameter, D, such that socD3/2. Timber volume of an individual tree is a complex function of Jinear dimensions, but is basically cubic, and of the form D2H1 (Spurr 1952) , where H is tree height. If we consider that wocD3 and 1/pocD3/2 as described by Curtis (1971) , then wccp -2, a theoretical gradient in close agreement with the value of -2 18 obtained with the Grade B thinning. As thinning becomes more intensive so the gradient decreases; the dynamics of stand growth are altered, trees increase less in timber volume per unit change in density. This can be attributed to a change in the dimensions of the tree crowns. Kramer (1966) calculated the values of stand volume increment per unit of crown surface area and crown volume for the same Picea abies thinning trial (Table 7) . The more heavily thinned plots are composed of trees which individually occupy more space and the space they do occupy is less efficiently used in terms of timber production per unit of crown volume or crown surface area. The steeper the gradient the more efficient the stand is in incrementing mass/area. However, the difference in gradients is not a direct indication of the relative efficiencies of different canopy structures since radiation interception is not always complete under a thinning regime. White & Harper (1970) also calculated the values of a and b in the regression equation for two experiments with Helianthus annuus L. (Hiroi & Monsi 1966) . In both experiments a decreased and b showed a decrease in gradient as incident light intensity decreased, e.g. at 100%, 60% and 23% light, values of a were 3-84, 3-53 and 2 50 and values of b were -133, -1 30 and -1 08. These data indicate that with communities in the self-thinning stage and at the same density, plants grown in low light weigh less than those grown in high light and the mean weight changes at a slower rate relative to the increase in the mean area occupied. This effect is not due to a simple alteration in mean tissue Table 7 . Stand characteristics of a Norway spruce thinning experiment at 50 years (parameters 1, 2, 3 and 4 are recalculatedfrom Kramer (1966) density at the lower light levels, e.g. fewer starch grains, that would change a which does vary, but would not affect b. Again it is suggested that the variation in b is due to an alteration in the dynamics of the competition mechanism, so that a smaller increment in unit weight is required to produce the same thinning effect. In these shading experiments w *cp -1 and if w remains a cubic function of plant dimensions then s ccL3. A gradient of -1 458 was obtained when a line was fitted to the data for 6 and 8 weeks in the Tagetes experiment A2 (line B in Fig. 12 ). Points from other experiments with Tagetes in which mortality occurred lie closely about this line. However, if plants of the upper canopy are considered as independent populations then a gradient of -1 89 is obtained (line A, Fig. 12 ). The plants in the upper canopy gain in weight at a faster rate relative to their decrease in density than the community as a whole, i.e. there are differences in the efficiency of occupancy of 'space' within the community. Differences in efficiency also occur within forest monocultures, e.g. Hamilton (1969) , Assmann (1970) .
The rate of change between mean plant weight and mean 'space' occupied is a measure of the efficiency of production in terms of mass/area. It is not the same for all closely grown plant monocultures in which competition is taking place. A value of -1 for the gradient indicates no net growth, the situation one would expect at ceiling yield (Donald 1963). It is guggested that the relationship is determined by the mechanism of competition and that this is greatly influenced by the structure and development of the canopy.
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SUMMARY
Experiments with a range of plant monocultures included two spacing trials with Picea sitchensis (29-36 years), which is genetically heterogeneous, and glasshouse experiments with Tagetes spp. and an F1 hybrid, genetically homogeneous variety of Lycopersicon esculentum. Intra-specific competition was consistently associated with development of a positively skewed but bimodal distribution of plant size, an even spatial distribution of large plants and, when mortality occurred, of survivors, and higher relative growth rates (RGR) of a distinct set of individuals which form an upper canopy. Plants of Tagetes patula sown in a lattice arrangement show three stages in community development: (i) the establishment of local hierarchies during the seedling phase when RGR is linearly related to plant weight; (ii) the development of a distinct upper canopy of large plants which are evenly distributed in space and have similar maximal RGRs; (iii) stability in the upper canopy but mortality of small plants which results in an even distribution of survivors. Yoda et al. (1963) suggested that in plant monocultures during the self-thinning phase there is a constant change in mean plant weight for unit change in plant density, the 3/2 power law. This is held not to apply universally but to be dependent upon the relationship between canopy morphology and stand dynamics which influences production efficiency.
